Introduction {#sec1-1}
============

Alzheimer\'s disease is one of the most common neural degenerative diseases in humans and is characterized by memory impairment (Glenner and Wong, 1984; Hardy and Higgins, 1992; Tomita, 2011; Drachman, 2014). Studies indicated that synaptic changes and β-amyloid (Aβ), a 39- to 43-amino acid β-sheet peptide derived from proteolytic processing at the N-terminus of the amyloid precursor protein, are characteristic histopathological features of Alzheimer\'s disease patients (Selkoe, 1991; Levine, 1993; Selkoe, 1994; Hardy, 1997; Crump et al., 2013). From a physiological point of view, Aβ~25--35~, a derivative of Aβ~1--40~ and Aβ~1--42~, has been demonstrated to be the shortest fragment that exhibits biological activity and retains toxicity of the full-length peptide(s) (Shearman et al., 1994; Terzi et al., 1994; Fuller et al., 1995; Iversen et al., 1995; Pike et al., 1995).

Notch-1 signaling is an important signaling pathway and has an important role in individual developmental processes, cell proliferation, differentiation and cell fate decisions by interacting with transcriptional regulators (Yu et al., 2000; Selkoe, 2001; Sisodia and St George-Hyslop, 2002; Harper et al., 2003; Ahmed et al., 2014; Liao et al., 2014). Recently, some studies demonstrated that Notch-1 was also expressed in the hippocampus of adult human brains, indicating Notch-1 may have a specific function in neural developmental. Notch-1 expression was significantly increased in the hippocampus of Alzheimer\'s disease patients compared with normal subjects (Berezovska et al., 1999; Mitani et al., 2014; Wagner et al., 2014). It is well known that the hippocampus relates to the generation and formation of new memories. Notch-1 potentially influences neurogenesis and neuronal plasticity in the hippocampus (Albensi and Mattson, 2000; Wang et al., 2004; Oikawa et al., 2012). To date, whether the Notch signaling pathway is involved in Aβ-induced neuronal cell apoptosis and the underlying molecular mechanism are unknown.

The present study demonstrated an effect of N-\[N-(3,5-Di-fluorophenacetyl)-L-alanyl\]-S-phenylglycine t-butyl ester (DAPT), a Notch-1 signaling pathway inhibitor, on PC cell apoptosis induced by Aβ~25--35~ and oxidative stress, in a broad attempt to explore the prevention and treatment of Alzheimer\'s disease.

Materials and Methods {#sec1-2}
=====================

PC12 cell culture and intervention {#sec2-1}
----------------------------------

PC12 cells (American Type Culture Collection, Manassas, VA, USA) were cultured with complete RPMI-1640 medium (Hyclone, Logan, Utah, USA) supplemented with 5% fetal calf serum (Hyclone), 10% horse serum (Hyclone), 100 U/mL penicillin, and 100 mg/mL streptomycin at 37°C in a 5% CO~2~ incubator. Logarithmic growth phase cells were digested and seeded at appropriate densities on poly-L-lysine-coated plates or chambers. PC12 cells were pre-incubated with different concentrations of DAPT (0, 0.1, 1.0, 10 and 100 nmol/L), a γ-secretase inhibitor and indirect inhibitor of Notch-1 signaling (Xiao et al., 2014) (Gene Operation, Ann Arbor, MI, USA) for 30 minutes. Subsequently, the cells were treated with 10 μmol/L Aβ~25--35~ (Sigma-Aldrich, St. Louis, MO, USA) for 48 hours. Concentrations of 0, 1.0 or 10 nmol/L were used to study the mechanisms of DAPT in PC12 cell apoptosis.

PC12 cell viability detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay {#sec2-2}
--------------------------------------------------------------------------------------------------------

MTT assay was used to detect cell viability by measuring levels of formazan produced. PC12 cells at a density of 1 × 10^4^ were plated in 96-well plates with 100 μL medium in every well. After 24 hours, the cells were incubated with 10 μmol/L Aβ~25--35~ for 48 hours pretreated with various concentrations of DAPT (0.1--100 nmol/L) for 30 minutes. After incubation, cells were treated with 20 μL MTT solution (5 mg/mL; Beyotime Institute of Biotechnology, Shanghai, China) for an additional 4 hours. Then the medium was removed and 200 μL dimethylsulfoxide was added to every well. Absorbance was determined with a microplate reader (Becton Dickenson, San Francisco, CA, USA) at 570 nm. Cell viability was normalized as a percentage of the absorbance values compared to the controls, which were not exposed to DAPT or Aβ~25--35~.

Measurement of intracellular reactive oxygen species generation in PC12 cells detected by flow cytometry {#sec2-3}
--------------------------------------------------------------------------------------------------------

The level of intracellular reactive oxygen species was determined by a change in fluorescence resulting from intracellular esterases to non-fluorescent 2′,7′-dichlorofluorescin diacetate (DCFH), which was performed using a Becton Dickenson FACScan™ flow cytometer (Becton Dickenson) with a reactive oxygen species-sensitive dye, hydroethidine. PC12 cells were plated at a density of 3 × 10^5^ cells per 6-well dish. Twenty-four hours later, PC12 cells were pre-incubated for 30 minutes with DAPT, and then incubated with 10 μmol/L Aβ~25--35~. The cells were then placed in 10 μmol/L DCFH-DA for 20 minutes at 37°C, and washed three times with DMEM. Reactive oxygen species levels were detected by flow cytometry. A total of 10,000 events were recorded for each analysis and the value for each treatment group was shown as a percentage of the control value.

Morphology of apoptotic PC12 cells observed by Hoechst 33342/propidium iodide double staining {#sec2-4}
---------------------------------------------------------------------------------------------

Hoechst 33342/propidium iodide double staining was used for detection of morphological changes of apoptotic cells. PC12 cells at a density of 1 × 10^6^ were plated in 6-well plates with 2 mL of medium in every well, and were treated as previously described. After treatment, cells were stained with the DNA dye Hoechst 33342/propidium iodide (Beyotime Institute of Biotechnology) for 15 minutes, followed by fixing with 4% formaldehyde in PBS for 5 minutes at 4°C. After being washed with PBS three times, the cells were visualized under a fluorescence microscope (Olympus, Tokyo, Japan).

Superoxide dismutase activity in PC12 cells detected by microplate reader {#sec2-5}
-------------------------------------------------------------------------

Superoxide dismutase activity was estimated according to the previously described method (Beauchamp and Fridovich, 1971; Marcus et al., 1998) by assaying the auto-oxidation and illumination of pyrogallol at 440 nm. This method employs xanthine and xanthine oxidase to generate superoxide radicals, which react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride to form a red formazan dye. Superoxide dismutase activity is then measured by the degree of inhibition of this reaction. Superoxide dismutase inhibits the reaction by converting the superoxide radical to oxygen. The absorbance at 505 nm was measured by spectrophotometer (Shimadzu UV-1700, Tokyo, Japan) and used to calculate superoxide dismutase activity.

Catalase activity in PC12 cells detected by microplate reader {#sec2-6}
-------------------------------------------------------------

Catalase activity was measured according to the instructions of the Catalase Assay Kit (Cayman Chemical, Ann Arbor, MI, USA), based on the reaction of catalase with methanol in the presence of an optimal concentration of H~2~O~2~. The cells were treated as previously, and equal amounts of total proteins were used for detection as described in the manufacturer\'s instructions. The absorbance at 450 nm was measured by spectrophotometer and used to calculate catalase activity.

Expression of caspase-9, caspase-8, caspase-3, Notch-1, nuclear factor kappa B, catalase, superoxide dismutase in PC12 cells detected by western blot analysis {#sec2-7}
--------------------------------------------------------------------------------------------------------------------------------------------------------------

PC12 cells were subcultured and treated as previously described. After pretreatment with DAPT for 30 minutes and Aβ~25--35~ for 48 hours, the cells were collected and lysed in RIPA buffer (including 1% Triton, 0.1% sodium dodecylsulfate, 0.5% deoxycholate, ethylenediaminetetraacetic acid 1 mmol/L, Tris 20 mmol/L (pH 7.4), NaCl 150 mmol/L, and NaF 10 mmol/L). Insoluble material was removed by centrifugation at 12,000 r/min for 20 minutes at 4°C. A bovine serum albumin kit was used for quantifying protein concentrations. The samples were equalized for protein concentration. Total proteins were separated by 12% SDS-PAGE, and transferred to polyvinyl difluoride membranes. The membranes were blocked with 5% non-fat milk in PBST buffer for 1 hour at room temperature prior to incubation with rabbit anti-rat caspase-9 (pro-form), caspase-8 (pro-form), caspase-3 (activated form), Notch-1, nuclear factor kappa B, catalase, and superoxide dismutase monoclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C, followed by goat anti-rabbit IgG conjugated to HRP (1:1,000, Santa Cruz Biotechnology). The results were scanned and analyzed with ImageJ software (<http://rsbweb.nih.gov/ij/download.html>). The expression level was corrected to β-actin. The results are shown as relative absorbance detected by spectrophotometer (BioTek, Winooski, VT, USA).

Statistical analysis {#sec2-8}
--------------------

SPSS 11.0 software (SPSS, Chicago, IL, USA) was used for statistical analysis. All data were expressed as mean ± SD. Statistical analysis was performed using the two sample independent *t*-test for comparison of two groups and differences of *P* \< 0.05 were considered statistically significant. All experiments were repeated at least three times.

Results {#sec1-3}
=======

Notch-1 signaling inhibitor inhibited Aβ~25--35~-induced reduction of PC12 cell viability {#sec2-9}
-----------------------------------------------------------------------------------------

MTT assay indicated that the viability of PC12 cells was reduced significantly after Aβ~25--35~ treatment, which decreased to 40.22% of the control group (*P* \< 0.05).

The viability of PC12 cells incubated with Aβ~25--35~ was significantly increased after pretreatment with different concentrations of DAPT (1--100 nmol/L) (*P* \< 0.05 or *P* \< 0.01). Cell viability increased slightly by treatment with 0.1 nmol/L DAPT, but there was no statistically significant difference compared with the Aβ~25--35~ treatment group (*P* \> 0.05; **[Figure 1A](#F1){ref-type="fig"}**).

![Effect of Notch-1 signaling on PC12 cell viability, apoptosis, and morphology induced by amyloid beta-peptide (25--35) (Aβ~25--35~) treatment.\
(A) Effect of Notch-1 signaling on PC12 cell viability induced by Aβ~25--35~ treatment. PC12 cells were pretreated with 0.1--100 nmol/L DAPT for 30 minutes, followed by Aβ~25--35~ for 48 hours. Cell viability was detected by MTT assay. (B) Cell morphology was monitored by Hoechst/propidium iodide double staining. (B1) Control group; (B2) model group (0): PC12 cells treated with Aβ~25--35~ for indicated times without DAPT incubation; (B3, 4) 1, 10 nmol/L DAPT groups (1, 10 nmol/L). Scale bars: 100 μm. (C) The apoptosis ratio of PC12 cells was determined by Hoechst/propidium iodide double staining. (A, C) Data were expressed as mean ± SD (*n* = 3). Statistical analysis was performed by two sample independent *t*-test for comparison between two groups. All experiments were repeated at least three times. \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. model group (0).](NRR-9-1297-g001){#F1}

Notch-1 signaling inhibitor reduced PC12 cell apoptosis induced by Aβ~25--35~ {#sec2-10}
-----------------------------------------------------------------------------

The morphological changes of apoptotic cells were confirmed by Hoechst 33342/propidium iodide double staining. PC12 cells treated with Aβ~25--35~ alone appeared to undergo cellular nuclear condensation, contraction and fragmentation, suggesting that Aβ~25--35~ induced apoptosis in PC12 cells. The number of Hoechst 33342/propidium iodide positive cells was decreased upon pretreatment with 1 and 10 nmol/L DAPT (*P* \< 0.05; **[Figure 1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}**). We also examined the expression of apoptotic proteins by western blot analysis. Caspase-3, caspase-8, and caspase-9 expression was significantly increased in PC12 cells in response to treatment with Aβ~25--35~ (*P* \< 0.05, Aβ~25--35~ *vs*. control). However, the expression of these proteins significantly decreased in groups pretreated with 1 or 10 nmol/L DAPT (*P* \< 0.05; **[Figure 2](#F2){ref-type="fig"}**).

![Role of Notch-1 signaling on the expression of apoptotic proteins after amyloid beta-peptide (25--35) (Aβ~25--35~) treatment.\
Levels of apoptosis related proteins were detected by western blot analysis. Values presented are absorbance ratios of caspase-3, -8, and -9 to β-actin, which was used as an equal protein loading marker. Results are presented as mean ± SD (*n* = 5). Statistical analysis was performed by two sample independent *t*-test for comparison between two groups. All experiments were repeated at least three times. \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, \#\#*P* \< 0.01, *vs*. model group (0). DAPT: N-\[N-(3,5-Difluorophenacetyl)-L-alanyl\]-S-phenylglycine t-butyl ester.](NRR-9-1297-g002){#F2}

Notch-1 signaling inhibitor attenuated oxidative stress in PC12 cells induced by Aβ~25--35~ {#sec2-11}
-------------------------------------------------------------------------------------------

After PC12 cells were pretreated with Aβ~25--35~, the activity of superoxide dismutase and catalase in cells was significantly decreased, while the production of intracellular reactive oxygen species was significantly increased (*P* \< 0.05). Furthermore, the activity of superoxide dismutase and catalase in cells was significantly increased after DAPT treatment, and the levels of reactive oxygen species were reduced (*P* \< 0.05; **[Figure 3](#F3){ref-type="fig"}**). Western blot analysis showed that Aβ~25--35~ treatment increased the levels of Notch-1, nuclear factor kappa B, superoxide dismutase and catalase proteins in PC12 cells (*P* \< 0.05). Notch-1 and nuclear factor kappa B expression was reduced, while superoxide dismutase and catalase protein levels were increased by treatment with 1--10 nmol/L of DAPT (*P* \< 0.05; **[Figure 4](#F4){ref-type="fig"}**).

![Role of Notch-1 signaling on oxidative stress in PC12 cells after amyloid beta-peptide (25--35) (Aβ~25--35~) treatment.\
(A) Superoxide dismutase (SOD); (B) catalase (CAT); (C) reactive oxygen species (ROS). Data are expressed as mean ± SD (*n* = 3). Statistical analysis was performed by two sample independent *t*-test for comparison of two groups. All experiments were repeated at least three times. \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. model group (0). DAPT: N-\[N-(3,5-Difluorophenacetyl)-L-alanyl\]-S-phenylglycine t-butyl ester.](NRR-9-1297-g003){#F3}

![Role of Notch-1 signaling on cellular redox regulation after amyloid beta-peptide (25--35) (Aβ~25--35~) treatment.\
The protein level of Notch-1, nuclear factor kappa B (NF-κB), superoxide dismutase (SOD), and catalase (CAT) were detected by western blot assay. Values presented are absorbance ratios of Notch-1, NF-κB, SOD, and CAT to β-actin, which was used as an equal protein loading marker. Results are presented as mean ± SD (*n* = 5). Statistical analysis was performed by two sample independent *t*-test for comparison between two groups. All experiments were repeated at least three times. \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. model group (0). DAPT: N-\[N-(3,5-Difluorophenacetyl)-L-alanyl\]-S-phenylglycine t-butyl ester.](NRR-9-1297-g004){#F4}

Discussion {#sec1-4}
==========

The PC12 cell line is usually used as a cellular model to study neurodegenerative diseases (Vaudry et al., 2002; Yan et al., 2013). Previous studies have shown that Aβ~25--35~ not only induced cytotoxicity, but also elicited excessive reactive oxygen species production, apoptosis and cell death in PC12 cells (Xiao et al., 2002; Ge et al., 2008; Chen et al., 2013; Dimitrov et al., 2013; Grimm et al., 2013; Prox et al., 2013). However, to date, the role of Notch signaling in the regulation of apoptosis induced by Aβ~25--35~ remains unknown. Therefore, the present study explored whether DAPT has a protective role against Aβ~25--35~-induced apoptosis in PC12 cells. This study showed that PC12 cells treated with Aβ~25--35~ underwent apoptotic cell death in accordance with previous studies. A significant cytotoxic effect of Aβ~25--35~ on PC12 cells was detected by MTT assay and Hoechst 33342/propidium iodide double staining. Apoptosis induced by Aβ~25--35~ was confirmed to be the activation of caspase-3 and high levels of caspase-8 and caspase-9. We also demonstrated that the cytotoxicity of Aβ~25--35~ was associated with oxidative stress. The level of intracellular reactive oxygen species in PC12 cells increased and the activities of superoxide dismutase and catalase decreased when PC12 cells were treated with Aβ~25--35~.

Notch signaling is an important pathway that is widely expressed in many tissues (Hansson et al., 2004; Lasky and Wu, 2005; Bonini et al., 2013; Newman et al., 2014). Recent research demonstrated that Notch is highly expressed and has high activity in the brain, particularly in Alzheimer\'s disease patients, suggesting Notch signaling might play an important role in neuron development (Redmond and Ghosh, 2001; Gaiano and Fishell, 2002; Woo et al., 2009; Dimitrov et al., 2013; Shen, 2013; Singh et al., 2013). Studies also demonstrated that overexpression of Notch and exogenous Notch had a role in neuronal cell protection to oxidative and ischemic insults, and exogenous Notch reduced blood-brain barrier permeability and preserved tissue against injury (Deane and Zlokovic, 2007; Li et al., 2013; McKee et al., 2013). However, the molecular mechanisms by which Notch is involved in neuronal impairment remain unclear. We speculated that a Notch inhibitor might have a protective role in the neurodegenerative process in diseases such as Alzheimer\'s disease by decreasing the oxidative stress induced by Aβ.

Previous research suggested that Notch signaling was involved in the regulation of cell apoptosis through the nuclear factor kappa B signaling pathway (Wang et al., 2008; Abdallah and Kassem, 2012; Xie et al., 2012; García-Escudero et al., 2013). Many studies have shown that Aβ-induced neurotoxicity is mediated by free radicals *in vitro* (Butterfield et al., 2001; Cai et al., 2011; Alberi et al., 2013). Consistent with these findings, results confirmed that Aβ stimulated reactive oxygen species production associated with nuclear factor kappa B signaling pathway. Furthermore, Aβ~25--35~ treatment decreased survival and increased apoptosis of PC12 cells associated with reactive oxygen species overproduction. However, the effects were reversed significantly when PC12 cells were pretreated with DAPT before the addition of Aβ~25--35~. In addition, elevated reactive oxygen species levels by Aβ~25--35~ were decreased after treatment with DAPT.

To explore the molecular mechanism of Notch involvement in protection of PC12 cells against apoptosis induced by Aβ~25--35~, the generation of reactive oxygen species was detected. Administration of a Notch inhibitor reduced reactive oxygen species production by elevating superoxide dismutase and catalase levels. The expression of activated caspase-3 was significantly increased, indicating apoptosis initiation. Administration of the Notch inhibitor also significantly decreased the Aβ-induced expression of activated caspase-3, suggesting it exerts protective effects against Aβ~25--35~-induced apoptosis.

In summary, the present study demonstrated that Notch signaling is involved in the regulation of PC12 cell apoptosis induced by Aβ treatment. The use of Notch inhibitors might be useful in cellular defense against oxidative stress during the neurodegenerative process in Alzheimer\'s disease.
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